Tofacitinib is an oral Janus kinase inhibitor. An integrated analysis was conducted to evaluate dosage optimality for tofacitinib in patients with moderate-to-severe plaque psoriasis and the impact of body weight on optimality in this patient population. Data were pooled from one phase IIb trial (2, 5, and 15 mg twice daily (b.i.d.)) and four phase III trials (5 and 10 mg b.i.d.). A longitudinal exposure-response model for Psoriasis Area and Severity Index (PASI) improvement (percent change from baseline) was established. Body weight influenced potency; heavier subjects require higher doses to achieve comparable benefit to lighter subjects. Disease severity, sex, and prior biologic usage were also predictive of response. The 10 and 5 mg doses were predicted to achieve 81% and 65%, respectively, of the maximum effect based on a 75% improvement in PASI. The greater efficacy of 10 mg over 5 mg was clinically meaningful.
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Study Highlights WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
þ Tofacitinib is an oral Janus kinase inhibitor. Based on efficacy results from a phase IIb study in psoriasis patients, a model-based dose-response model successfully predicted appropriate doses for investigation in phase III confirmatory trials; however, the effect of subject body weight was not clearly defined.
WHAT QUESTION DID THIS STUDY ADDRESS?
þ A longitudinal dose-response model was developed to improve understanding of how subject-specific factors, including body weight, might influence the doseresponse relationship.
WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
þ The model predicted that the magnitude of effect of tofacitinib 5 and 10 mg b.i.d. depended on previous biologic usage (difference in PASI75 response: 12% biologic-na€ ıve; 16% biologic-experienced), and body weight (10% 64 kg; 14% 116 kg). Heavier subjects and those with prior biologic experience were predicted to require a higher dose to achieve benefit comparable to that in lighter subjects.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, AND/OR THERAPEUTICS?
þ This analysis demonstrates the benefit that modeling and simulation methods can provide to optimize treatment of individuals within a patient population.
Chronic plaque psoriasis is a complex disease that predominantly affects the skin, yet has nondermatological comorbidities, including psoriatic arthritis, cardiovascular disease, and metabolic syndrome. [1] [2] [3] Psoriasis markedly degrades patients' quality of life and can be associated with shortened life expectancy. 4 Continuous, long-term therapy is necessary to control psoriasis and prevent incidence or progression of comorbidities.
Current systemic treatments for moderate-to-severe psoriasis include oral systemic and biologic agents. While these agents can be highly effective in some patients, a large proportion of patients do not achieve the desired improvement and no single agent is effective in all patients. 5, 6 These agents have been associated with significant short-term and long-term organ toxicities, which limit long-term usage. 5, 6 Biologic agents can yield greater therapeutic results, yet not all patients respond to or tolerate these treatments, 7, 8 and loss of effectiveness is frequently observed over time, which can limit longterm treatment success. 9 Such issues with current therapies manifest in low patient satisfaction and treatment persistence. 10 Although pharmacokinetic-pharmacodynamic models have been well utilized in the psoriasis disease area, dosage optimization to achieve target effectiveness has only been performed for the biologics treatments ustekinumab 11 and secukinumab.
12 Dose selection using exposure-response modeling of phase II data for another recently approved biologic agent, ixekizumab, has also been reported. 13 However, the effects of intrinsic patient characteristics on efficacy in psoriasis that could suggest modification of the dosage are typically only evaluated using subgroup analyses.
The issue of weight as a pharmacodynamic (PD) factor has been discussed previously. 14 A population model for etanercept, relating subject-specific predicted cumulative area under the curve (AUC) to the 75% improvement from baseline in Psoriasis Area and Severity Index (PASI) score (PASI75), 15 estimated a 130% increase in half-maximal effective concentration (EC 50 ) for a 2-fold weight change. PASI75 is a response threshold commonly used to evaluate the efficacy of treatment for psoriasis and as a primary endpoint in clinical trials. 20 Despite the selection of the weight effect on EC 50 , closer inspection suggested difficulty in assigning the effect to EC 50 or delay in onset of drug action.
Tofacitinib is an oral Janus kinase (JAK) inhibitor. The main focus of this analysis was to evaluate the exposureresponse (ER) for tofacitinib in the treatment of psoriasis, specifically evaluating the optimality of the selected dosages in the presence of the effect of body weight and other patient factors. A large integrated database constructed from pooling data from one phase IIb study and four phase III studies in psoriasis (all available data from phase IIb and phase III studies of tofacitinib at the time of analysis) was used to support the analysis-the largest analysis of a JAK inhibitor to our knowledge (>3,400 subjects with >17,000 observations). Subject factors were investigated for their influence on the ER relationship.
METHODS

Study design
PASI data were pooled from five studies for the ER analysis. Data prior to forced withdrawal due to lack of efficacy or study discontinuation were included ( Table 1) , while data from the active comparator arm in OPT Compare (subjects administered etanercept) were not included. All studies were conducted according to the International Conference on Harmonisation Good Clinical Practice Guidelines. Prior to the start of each study, written consent was provided by all subjects and the protocols were approved by appropriate Institutional Review Boards or Ethics Committees. PASI is a subjective continuous bounded outcome score (BOS) with possible values ranging from 0 to 72, inclusive. Such data are not normally distributed due to skewness and the frequency of PASI 5 0. A pharmacometric methodology was used throughout the analysis to mitigate these issues. 21 A primary objective of this analysis was to quantify the influence of body weight on the PASI PD profile. It was of key interest to understand if heavier subjects have longer time to onset of drug action, or a different steady-state dose-effect profile, as these have a direct bearing on longterm dosing. To increase the rigor in evaluating weight, a validation was performed using the pooled data. Subject data were stratified by study and treatment arm. Data from 65% of the subjects from each strata were selected for the training dataset (TD). The remaining data were used in the internal validation dataset (VD). Base and covariate model development was performed using the TD dataset. The VD dataset was reserved for model evaluation through predictive assessment.
Base model development
The dependent variable used in the model was based on a percentage change from baseline of PASI. This strategy was used to improve the accuracy of predictions of PASI responder measures (e.g., PASI50 and PASI75) while also being able to predict the general PASI distribution. Direct modeling of the PASI did not yield accurate predictions of these responder rates.
An inhibition of k in indirect (IDR) 22 model was selected as the structural model and is described by Eq. 1:
where t is the time after the first dose of study medication; Y is the response variable (percentage change from baseline on the transformed PASI scale); PASB is the baseline PASI; k(t) represents the time-dependent transformation of PASI and PASB; BASE is the baseline parameter or intercept (anticipated to be close to 0); PMAX is the slope and also the maximum nondrug effect achieved at time T c (I x represents an indicator function that 5 1 when the condition x is true or 5 0 otherwise); EMAX is the maximum drug effect; E represents drug exposure; E50 is the exposure at which half of the EMAX is achieved; T 1 =2 is the half-life of onset of drug effect; g(t) is a residual error function that changes with time; and e is a residual random variable, assumed to be normally distributed with mean 5 0 and variance 5 r 2 (i.e., e $ N(0,r 2 )). The transformation function k(t) has a slope parameter (k 2 ) and an intercept parameter (k 1 ) to adjust for skewness that changed with time.
The vectors of subject-specific random effects were assumed to be distributed as multivariate normal: g $ N(0,X), with mean 5 0 and covariance matrix X.
Parameters that are inherently positive (e.g., rate constants or potency parameters) were modeled using a multiplicative or lognormal structure, e.g.,
. Additive effects (e.g., maximum placebo or drug effects) were modeled using an additive or normal structure, e.g.,
. Maximum likelihood estimation, implemented in NON-MEM (Version 7.3, ICON Development Solutions, Ellicott City, MD), was used to fit the posited models and estimate the parameters. Rounding errors and convergence issues occurred during model development using the Laplacian approximation to the likelihood. As a result, the iterative two-stage method followed by stochastic approximation expectation maximization estimation was used to mitigate these issues. Importance sampling was used to calculate the objective function and drive approximate standard errors of the estimates.
Study effects were added to the base model fitted to the TD to assess heterogeneity between studies and to potentially adjust for the lack of randomization between these. The number of study-specific effects was systematically reduced to avoid overparameterization and to yield a stable model for the covariate and weight-effect determinations. The study-effect model components are provided in the Supplementary Material.
Covariate model development A full covariate model was fitted to the TD as part of the covariate selection procedure. This full model was systematically reduced to a working full model to achieve model stability by eliminating covariates that had weak and irrelevant predictive power. This working full model was subjected to the covariate selection procedure. 23 Weight was not assessed at this point and was considered a structural model. The covariate model equations are provided in the Supplementary Information.
Assessment of model adequacy (goodness of fit)
Conditional population-weighted residuals 24 and individualweighted residuals were computed. Given the BOS nature of the PASI data, 1 =2 3 0.1 was used to impute PASI for PASI 5 0 when calculating residuals. Note that 0.1 was the lowest observed value not equal to 0 (the value was used as the censoring thresholds). No PASI values of 72, the upper bound of the PASI scale, were observed, so imputation was not necessary to calculate residuals. Traditional diagnostic plots were then constructed.
Predictive performance
Visual predictive checks (VPCs) 25 (graphical posterior predictive checks) 26 were performed using the final model. The model was also used to make predictions of the VD dataset. Population mean predictions on the transformed scale (based on 1,000 Monte Carlo replicates) for each individual at each timepoint were computed using his/her observed trial design and covariates. The absolute deviation between these predictions and the observed data were computed (i.e., jY -E(Y)j) while the sample median of these was calculated to estimate the median absolute deviation (MAD). MAD was selected as the measure of prediction error because of the nonnormal nature of the data. These VPCs are provided in Supplementary Figure  S2 online. After the adequacy of the model was established, all the data were pooled and the final model estimates were updated ( Table 2) .
Effects of body weight
The effects of weight were evaluated (after the covariate selection described above) by finding the covariate model of weight that predicted a VD dataset (dataset independent of model building) with the least MAD (or prediction) error.
VPCs were also performed on the validation dataset to assess the adequacy of the model and covariate selection.
RESULTS
Data
Data from one phase IIb study (A3921047; NCT00678210) 16 and four phase III studies (OPT Pivotal 1 (A3921078; NCT01276639), 17 OPT Pivotal 2 (A3921079, NCT01309737), 17 OPT Compare (A3921080, NCT01241591), 18 and OPT ReTreatment (A3921111; NCT01186744) 19 ), conducted to assess the efficacy and safety of oral tofacitinib in subjects with moderate-to-severe psoriasis, were pooled to support the integrated ER analysis. Table 1 provides pertinent summary information of these studies. A total of 3,431 subjects with 17,221 observations were used in the ER analysis. The dataset included $85% White, 7% Asian, and 2.5% Black subjects, and 70% were males (Supplementary Table S1 online). The median age was 45 years and the median weight was 86 kg. The median disease severity (measured by baseline PASI) was 19.8, median disease duration was 16 years, and 79% of subjects were na€ ıve to previous biologic usage. The covariate distributions for weight, disease severity, and disease duration were skewed (Supplementary Figure S1 online), but were generally similar across the studies. OPT Compare had the greatest percentage of subjects na€ ıve to biologic treatment, with 91.4% compared with 73-78% across the other studies.
ER model
An inhibition of K in IDR drug-effect model was applied to a percentage change from baseline endpoint computed from transformed PASI scores. The percentage change from baseline endpoint was used to account for the skewed baseline distribution of PASI scores, and the transformation was used to normalize the change from baseline scores due to the skewness of the post-baseline scores. The use of the percentage change from baseline endpoint also improved prediction of PASI responder rates relative to predictions achieved using models of PASI. A piecewise linear model was used for the placebo/nondrug model component. The slope of the second linear piece was 0 after Week 14, when the maximum placebo effect was obtained. Study effects were evaluated on the drug-related parameters of maximum drug effect, potency, and drug onset, as well as baseline and placebo/nondrug components to evaluate heterogeneity between studies. Differences in baseline and maximum drug effect were detected; however, the potency was similar across the studies. Steady-state average plasma concentration (C avg ; derived from the population pharmacokinetics (PK) model 27 ) was evaluated as a subject-specific measure of exposure and was not found to be a better predictor than dose. It is important to note that tofacitinib achieved steady-state PK on Day 2 due to short half-life ($3 hours) relative to the dosing interval. 28 Dose was retained as the measure of exposure in the model because the individual predictions of exposure did not improve model predictions.
Age, disease severity, disease duration, sex, race, and previous biologic usage were evaluated as covariates on the model parameters for baseline, maximum placebo effect or slope, maximum drug, potency, and drug effect onset rate (mediated through the IDR). Effects of weight were included but not evaluated during the covariate selection procedure. The procedure selected: sex, disease severity, and previous biologic usage as covariate effects for potency; and disease severity for drug effect onset.
Prediction onto a VD (the full dataset was divided, 65% as a TD and 35% as a VD) was used to evaluate the effect of weight specifically with respect to the prediction of PASI change. Weight on potency was the only effect retained based on prediction errors (not included on the drug onset rate parameter). The final model thus consisted of the effects of sex, disease severity, previous biologic usage, and weight on potency, and disease severity on drug effect onset. The parameter estimates for the final model fitted to the entire pooled datasets (training and validation) are provided in Table 2 . A doubling of body weight increased the dose achieving half the maximum effect (ED 50 ) estimate by 1.8-fold (90% confidence interval (1.45, 2.20)). The typical half-life of drug effect onset was $4 weeks.
Model predictions. The selection of the 5 and 10 mg doses for the pivotal trials was based on a Bayesian analysis of the phase II study (A3921047) data. 29 To evaluate the optimality of the selection of these dose levels, the percentage of maximum drug effect (EMAX) based on PASI75 for the pivotal trials ( Table 1 ) was predicted at Week 16 as a function of dose using the current ER model and is displayed in Figure 1 . The mean predictions are based on typical values of the subject covariates (male; body weight, 86 kg; baseline PASI, 20; biologic agent-na€ ıve). The 10 mg dose is just on the cusp of the plateau of the ER curve at 81% of the maximum effect, a value that can be judged to be the optimum when considering benefit/risk (i.e., in general with unspecified risk). The 5 mg dose was predicted to be at 65% of EMAX on the ER curve. The predicted median values for maximum effect on the PASI percentage change from baseline scale were 77% and 88% for the 5 and 10 mg doses, respectively (data not shown). The overall absolute predicted PASI75 rates for 5 and 10 mg twice daily (b.i.d.) were 49% and 61%.
PASI75 responder rates were also predicted for the 5 and 10 mg b.i.d. doses vs. a range of covariate values. The effects of weight, previous biologic usage, and sex on ED 50 , which affects the long-term (or steady-state) doseresponse profile, were prominent. The effect of 10 mg b.i.d. yielded increased response rates for covariates that increased ED 50 , suggesting higher doses are necessary to adjust for those covariate effects. For example, Figure 2 displays PASI75 responses and the differences between 5 and 10 mg b.i.d. over a body weight range of 64-116 kg (corresponding to the 10th and 90th percentiles of the observed weight distribution, respectively). Over this weight range, PASI75 rates decreased with increasing weight and this trend was seen for Figure 2) . The effect of sex on potency may be due to a poor approximation of body weight to body composition. Differences in PASI75 responses between 5 and 10 mg b.i.d. were 14% for a baseline PASI of 14 and 10% for a baseline PASI of 35 (Figure 2) . Overall, 10 mg b.i.d. provided greater response rates and mostly offset these covariate effects relative to 5 mg b.i.d.
Body weight. Given the influence of body weight on potency, the relative locations of the 5 and 10 mg doses on the dose-response curve were assessed vs. weight. Prior biologic usage also affected potency with a noticeable magnitude, so it was important to look at body weight and prior biologic usage simultaneously. The effects are illustrated in Figure 3 for the 10th and 90th percentiles of body weight in biologic-na€ ıve or -experienced subjects. The results indicated that even though PASI75 response rates decreased with increasing body weight, dose-response was evident for heavy weight (116 kg) and light weight (64 kg) subjects in both biologic-na€ ıve and -experienced subjects. For subjects weighing 116 kg, the predicted difference between 5 and 10 mg b.i.d. was 14% for biologic-na€ ıve subjects and 17% for biologic-experienced subjects. For subjects weighing 64 kg, the difference was 10% and 15% for biologicna€ ıve and -experienced subjects, respectively. Figure 3 also demonstrates higher response rates for both heavy and light weight subjects in the biologic-na€ ıve compared to biologic-experienced subjects. Differences in efficacy with weight could not be explained by differences in PK with weight, as shown by the weak relationship between predicted C avg and body weight (Figure 4) .
DISCUSSION
The ER analysis discussed herein was performed to evaluate the optimality of the 5 and 10 mg dosage levels. Additionally, the effect of body weight, an issue noted by practicing clinicians, as well as other important patient factors, were evaluated.
The importance of the issue of weight was demonstrated during the dosage optimization for ustekinumab. During regulatory review, two-tiered, three-tiered, and five-tiered dosing regimens based on weight categories were presented to the Dermatologic and Ophthalmic Drugs Advisory Committee due to the suboptimality, in terms of benefit to heavier subjects, of a single fixed-dose regimen. 30 A twotiered fixed-dose regimen of 45 mg for a patient weighing 100 kg or 90 mg for patients weighing >100 kg was approved for ustekinumab. 11 The basis for this regimen was the difference in PK as a function of weight. Another recent example for dose optimization using modeling and simulation comes from the Advisory Committee for secukinumab, which recommended a weight-based dosing regimen (as opposed to the sponsor's proposal of a flat dosing regimen) for maximizing efficacy in patients !90 kg. 12 These examples illustrate the acceptance of pharmacometrics methodologies for quantifying the impact of body weight and thereby optimizing dosing for psoriasis therapies.
Weight was found to influence PASI response following administration of tofacitinib-specifically ED 50 , the determinate of the long-term dose-response relationship. The following unique properties of tofacitinib facilitated a focused assessment of weight. Tofacitinib achieves PK steady state on Day 2 of administration, while the PD of PASI does not achieve steady state until after Week 16. In addition, body weight is not a meaningful determinant of C avg of a subject; as demonstrated by the weak relationship between predicted C avg and body weight. Therefore, the effect of weight on ED 50 is an induced PD phenomenon and is not confounded by using dose instead of C avg .
The results presented are not dissimilar to those reported for etanercept, 14 even with regard to the parameter estimate linking potency to weight. This is despite differences in the modeling strategy (PASI PCFB for tofacitinib vs. PASI75 for etanercept), and different mechanisms of drug action (JAK inhibitor vs. tumor necrosis factor inhibitor). However, it is unknown if this weight-potency relationship would hold for treatments with other mechanisms of action. ER model-dependent methods of assessment would be necessary because of the typically strong relationship of body weight to exposure and the longer time frame used to achieve steady-state exposure. In this regard, this tofacitinib ER model provides an advancement in understanding the effects of body weight on dose-response and also suggests that trials should be of sufficient duration to achieve and evaluate PD steady state such that predictors of onset of effect and steady-state dose-response are not confounded.
The model predicted the magnitude of effect at clinical doses of 5 and 10 mg b.i.d. depended on sex, previous biologic usage, disease severity, and body weight. Because weight influenced ED 50 and hence the level of steady-state efficacy, heavier subjects would require higher dosages to achieve comparable benefit to lighter subjects. Overall, across the covariate and weight distributions, the predictions suggest that tofacitinib 10 mg b.i.d. demonstrates consistently higher response levels relative to 5 mg b.i.d. and that it offsets to some extent the effect of the covariates; subjects in these subpopulations can achieve a similar response with tofacitinib 10 mg b.i.d. compared with subjects in the subpopulation counterpart who receive 5 mg b.i.d.
In conclusion, moderate-to-severe plaque psoriasis is a serious chronic systemic disease that, while predominantly affecting the skin, also profoundly affects patients' quality of life. 4 Many patients with psoriasis are undertreated, often due to suboptimal dosing regimes and reduced efficacy in heavier patients. Despite the introduction of new therapies, such as biologic agents, little progress has been made in the past decade in reducing the undertreatment of moderate-tosevere psoriasis. 10 This analysis highlights the importance of considering the PD effects of body weight, in addition to possible PK effects, when making treatment and dosage decisions, to help optimize dosing in order to reduce undertreatment of patients with psoriasis.
